Rotaviruses cause life-threatening gastroenteritis in children throughout the world. The burden of disease has resulted in the development of two live, attenuated vaccines that are now licensed in many countries. This review summarizes new data on these vaccines, their effectiveness, and remaining challenges including new data on the rotavirus enterotoxin, a potential antiviral target.
Introduction
Rotavirus is the leading cause of life-threatening diarrheal disease among infants and young children resulting in approximately 600 000 deaths in children less than 5 years of age worldwide [1] . This global disease burden stimulated efforts to develop vaccines, some of which are licensed and now being used. This review summarizes current information about rotavirus vaccines as well as remaining issues about them. New information about rotavirus pathogenesis that may be key for future therapeutics is also summarized.
Rotavirus structure and classification
Rotaviruses are members of the Rotavirus genus of the Reoviridae family of viruses, which contains viruses with segmented RNA genomes. Rotavirus particles are large (1000 Å ) and complex with three concentric protein shells that surround the viral genome of 11 segments of doublestranded RNA (dsRNA) (Fig. 1) [2] . Each rotavirus genome segment codes for at least one viral protein that functions either as a structural component of the virus particle (viral protein) or as a nonstructural protein (NSP) made in infected cells that is involved in various aspects of the viral replication cycle. Two rotavirus proteins, VP7 that makes up the outer capsid protein shell and VP4 that makes up spikes that emanate through the outer capsid shell, induce neutralizing antibody and these two proteins are the basis of a binary classification system for viral serotypes. Thus, VP7 (a glycoprotein or G-type antigen) and VP4 (a protease-sensitive protein or P-type antigens) are used to classify rotaviruses. VP7 types are classified as serotypes by neutralization assays or as genotypes by sequencing and these two assays yield concordant results so viruses are referred to by their G serotype alone (e.g., G1, G2, G3, etc.). VP4 serotypes are also classified by both neutralization and sequencing assays but such results do not always agree so P typing has a dual system. P serotypes are referred to by their serotype numbers (e.g., P1 and P2) and P genotypes are denoted in brackets (e.g., P [8] and P[4]). P genotyping is the most widely used method for classification. Currently, 19G and 28[P] types are known.
To prepare for the introduction of rotavirus vaccines, many studies characterized rotavirus strains worldwide and found previously unappreciated strain diversity. Diversity is theoretically high because the segmented nature of the rotavirus genome allows for gene reassortment when a single cell is coinfected with two different virus strains. From the 19G and 28[P] types known, 2 11 different combinations of G and P proteins can be generated to create high serotype diversity. In practice, most combinations are not fit and do not survive subsequent rounds of replication in humans so the actual number of G and P combinations is less than the possible number. Viruses circulating in humans now are characterized as being common human genotypes (G1P [8] , G2P[4], G3P [8] , and G4P [8] ), reassortants among human genotypes (G1P[4], G2P [8] , and G4P[4]), reassortants between animal and human genotypes (G1P [9] , G4P [6] , G9P [8] , and G12P [8] ), and likely zoonotic introductions (G9[P6], G9P [11] , G10P [11] , and G12P [6] ) [3] . The common human genotypes represent the most prevalent viruses worldwide although their relative prevalence and distribution change with regard to location and time. The recently developed rotavirus vaccines targeted the common human genotypes of rotavirus.
Rotavirus vaccines
Estimates of the burden of rotavirus disease have been determined in individual countries in recent years in preparation for being able to evaluate the effectiveness of newly licensed vaccines. In 2006, in the USA, rotavirus caused few deaths (20-60), but substantial morbidity among children, resulting in 55 000-70 000 hospitalizations, 200 000-272 000 emergency department visits and 410 000 physician office visits [4] . In 2006, in Europe, rotavirus caused an estimated 3.5 million episodes of disease among the 236 million children younger than 5 years of age, resulting in 231 deaths, more than 87 000 hospitalizations and almost 700 000 outpatient visits [5] . These statistics alone document that rotavirus disease constitutes a large public heath burden in developed countries, and with new rotavirus vaccines available, rotavirus is now the single most frequent vaccine-preventable gastroenterological disease among children.
Two rotavirus vaccines are now licensed in various countries (Table 1) . A live attenuated G1P [8] human rotavirus vaccine (Rotarix from GlaxoSmithKline Biologicals, Risensart, Belgium) has been licensed in Europe, the USA, Mexico, and several Latin American, Middle Eastern, Asian and African countries. A live pentavalent human-bovine reassortant vaccine containing G1, G2, G3, G4, and P1 [8] viruses (RotaTeq from Merck & Co., Inc., Whitehouse Station, New Jersey, USA) has been licensed in Europe and the USA. these positive effects as well as determine whether vaccination has indirect benefits such as inducing herd immunity by reducing transmission of rotavirus in the community and thereby indirectly protecting unvaccinated children.
Rotavirus vaccines are undergoing further testing in many countries in the developing world where they are needed most. RotaTeq and Rotarix were found to be well tolerated and effective in middle income countries in Latin America and Asia, in addition to the USA and Europe [7, 8, 9 ] . Rotarix has been found to be well tolerated and immunogenic in South African and Bangladeshi children but its immunogenicity is lower as compared with responses in children in other countries. Both RotaTeq and Rotarix are currently being evaluated for efficacy in Africa and in less-developed countries in Asia and results are expected soon. Although it is likely that vaccine efficacy will be lower in developing countries than in Europe or the USA, the public health impact of a vaccine even with a lower efficacy rate could be substantial, if mortality is substantially reduced, in developing countries.
Although the current data on rotavirus vaccines are encouraging, other challenges exist that will need to be addressed as vaccination programmes continue to develop ( Table 2) . Partial answers to some of these issues are available. Implementation of rotavirus immunization is more complicated than administering other childhood vaccines because of age restrictions for initiation and completion of vaccination. The preclusion of infants above 12 or 14 weeks of age from initiation of a vaccine series is unprecedented and is a potential challenge for pediatricians and healthcare workers in both developed and developing countries. These age limitations were set due to unexpected reports of intussusception occurring in close temporal proximity to the administration of the first rotavirus vaccine (RotaShield) that was licensed in the USA in 1998 [10] . Most cases of intussusception were in infants to whom the first dose of vaccine had been given between 3 and 6 months of age in a so-called 'catch-up programme' [11, 12] . This adverse event resulted in the voluntary withdrawal of RotaShield from the market and necessitated large phase III clinical trials of the subsequent licensed vaccines (>60 000 children) to assess safety with respect to intussusception. It also led to the age restrictions for administering new vaccines to avoid vaccinating infants older than 3 months of age, the time frame when intussusception occurred in RotaShield vaccinees and when natural intussusception peaks. Meeting the age limits for immunization is difficult to achieve because routine vaccinations are not always made on schedule. Delayed immunization has been reported in 38 Gastrointestinal infections the USA, and children are being excluded from receiving any rotavirus vaccine or completing the series [13 ] .
These issues indicate that vaccine safety requires continued monitoring. Another safety issue that has not yet been addressed is what will occur when these live, attenuated vaccines are administered to children who have congenital or acquired immunodeficiency. Rotavirus infections in genetically immunocompromised animals or immunosuppressed children can result in chronic infections and long-term shedding, and the abnormalities leading to immunodeficiency in infants may not be detected until after the first vaccine dose is administered [14 , 15, 16] . This may lead to an increase in vaccine strain-related illness in immunocompromised children; however, the occurrence or consequences of such infections with rotavirus vaccine remain to be determined.
Chronic infections of immunocompromised children, either by community-acquired or vaccine rotavirus strains, may lead to a need for antiviral drugs as well as nonreplicating vaccines based on either inactivated viruses, virus-like particles (VLPs), or expressed proteins. Administration of subunit vaccines parenterally may offer other advantages over live-attenuated vaccines administered orally as live, oral rotavirus vaccines may be associated with reduced take rates due to maternal antibodies transferred to infants transplacentally and by breast milk.
In addition, new reassortants between vaccine strains and wild-type strains may appear. A challenge for developing alternative vaccines is the lack of a correlate of protection for existing rotavirus vaccines. Neutralizing antibody does not correlate with protection and the mechanism(s) by which the single Rotarix vaccine strain or the pentavalent RotaTeq vaccines induce protection against human rotavirus strains with G and P types not represented in these vaccines remains unknown. Alternative vaccines are efficacious in animal models [17 ] and they are ready to be tested in humans. Targets for antivirals are known and research in this area remains to be pursued.
Ongoing studies will need to continue to monitor the ability of current vaccines to induce protection against unusual and evolving rotavirus strains. Although the current vaccines appear to induce protection against strains other than those in the vaccines, several unusual strains are prevalent in specific developing countries and efficacy against challenge with these strains, or the evolution of these or other new strains need to be carefully monitored. As these vaccines are introduced into different populations globally, the appearance of new emerging rotavirus strains that can evolve under immune selection, from immunocompromised children chronically shedding virus, or from reassortants that arise from cocirculating animal and human viruses will need to be monitored. A new classification system that characterizes rotaviruses based on the origin of each of the 11 genome segments should be useful to quickly detect new emerging strains and possibly identify the molecular basis for new strain emergence [18, 19] .
Nonstructural protein 4: the rotavirus enterotoxin
One of the most intriguing aspects of rotavirus pathogenesis is the involvement of a viral enterotoxin, nonstructural protein 4 (NSP4). NSP4 is initially synthesized as an endoplasmic reticulum transmembrane glycoprotein, 175 amino acids long with two glycosylation sites at its N-terminus. It is subsequently processed into different forms with distinct intracellular and extracellular functions. Early studies using reassortants from virulent and avirulent rotavirus strains identified NSP4 as one of the rotavirus virulence factors [20] . NSP4 was discovered to be an enterotoxin when it was found to induce diarrhea in neonatal mice in the absence of histological changes in the intestine [21] . Subsequent studies [22, 23] showed the functions of intracellular NSP4 (iNSP4) are mechanistically distinct from extracellular NSP4 (eN-SP4) and ongoing research is dissecting the molecular mechanisms responsible for each activity (Fig. 2) . Below is an update of the recent data for both iNSP4 and eNSP4, including which of the functions, critical for rotavirus pathogenesis, are possible targets for vaccine or antiviral drug design. This information updates previous summaries of the enterotoxin activity of NSP4 and its distinct activities compared with known bacterial enterotoxins [24] [25] [26] [27] .
Extracellular nonstructural protein 4
The enterotoxin activity of NSP4 was discovered in 1996 after diarrhea was induced in neonatal mice administered either the full-length protein or a 22-amino acid synthetic peptide corresponding to a small domain (amino acids 114-135) of the cytoplasmic tail of NSP4 [21] . These initial studies predicted that an enterotoxic form of NSP4 would be released from rotavirus-infected cells, bind to receptors on uninfected cells, and activate a signaling pathway that produces diarrhea. Soon, a secreted cleavage product of NSP4 (NSP4 amino acids112-175) was detected [28] . The secreted NSP4 induces phospholipase C (PLC)-dependent signaling in HT-29 cells, a human intestinal cell line, and in neonatal mouse intestinal cells leading to increased levels of intracellular calcium ([Ca 2þ ]i) and subsequent chloride secretion through activation or regulation of a cystic fibrosis transmembrane conductance regulator (CFTR)-independent channel [22, 29] . These early studies fulfilled the first and third predictions but the NSP4 receptor remained elusive for nearly a decade. Recently, studies identified the I domain of integrins a1 or a2 as receptors for NSP4, and exposure of cells expressing integrin a2b1 to NSP4 activates a signal transduction pathway mediated by both PLC and phosphoinositide-3 kinase (PI3K) [30 ] . Integrin I domain binding is mediated by glutamic acid 120 in NSP4, corresponding to a putative calcium-binding site [31, 32] . Integrin signaling is initiated by NSP4 amino acids 130-140, consistent with previous work [33] that identified specific mutations within this domain that reduce both PLC-mediated signaling and NSP4 enterotoxin activity. NSP4 mutants that cannot bind to the I domain or elicit a signal through the integrin are deficient for diarrhea induction in neonatal mice, confirming that this interaction is critical for NSP4 enterotoxin activity. These results are exciting because they identify the initial molecular interaction behind NSP4-induced diarrhea, and inhibition of this interaction might prevent disease. They also reveal a new role for integrins in enterotoxin function and further distinguish NSP4 enterotoxin activity from bacterial enterotoxins.
Extraintestinal spread of rotavirus is now well documented and it is intriguing to postulate that rotavirus-infected cells outside the intestine may secrete NSP4 [34 ,35-37] . The possible release of NSP4 into multiple organs as well as into the circulatory system could be significant if NSP4-induced cell signaling and downstream effects are as detrimental to these organ systems as they are to the gut. If such events occur, NSP4 could have more farreaching effects than currently appreciated.
Intracellular nonstructural protein 4
iNSP4 has two main roles in rotavirus infection: increasing [Ca 2þ ]i and facilitating virus assembly. These activities are critical for rotavirus replication, as small interfering (siRNA)-mediated knockdown of iNSP4 increases mRNA production, reduces viral protein synthesis and genomic dsRNA replication, and causes aberrant subcellular localization of all of the viral proteins [38, 39] . iNSP4 induces a two to six-fold increase in calcium that is necessary for productive virus replication. Chelating [Ca 2þ ]i or siRNA-mediated knockdown of NSP4 also reduce cytopathic effects and virus yield [40, 41 ] . The mechanism for how iNSP4 alters calcium homeostasis is unknown, but understanding this process is critical to understanding the rotavirus replication process. NSP4 increases endoplasmic reticulum leakiness that increases [Ca 2þ ]i and entry of calcium into cells through the plasma membrane capacitative calcium entry channels. An attractive idea is that NSP4 increases plasma membrane permeability, possibly by forming a calcium channel induces a phospholipase C (PLC)-independent calcium release from the ER by an unknown mechanism and results in a sustained elevation in the intracellular calcium concentration ("[Ca 2þ ]i). ER-bound iNSP4 also binds virion protein VP6 on immature double-layered particles (DLPs), facilitates the budding of DLPs through the ER membrane and the acquisition of the outer capsid proteins VP4 and VP7. iNSP4 that traffics to the plasma membrane is cleaved by a protease, generating the rotavirus enterotoxin, extracellular NSP4 (eNSP4). (b) eNSP4 binds to integrins a1b1 or a2b1 on neighboring cells, triggering the activation of phosphoinositide-3 kinase (PI3K) and PLC. Although the consequences of PI3K activation are under investigation, NSP4-induced activation of PLC leads to the production of inositol 1,4,5-trisphosphate (IP 3 ) and IP 3 receptor (IP3R)-mediated calcium release. The calcium activates chloride secretion that is independent of the cystic fibrosis transmembrane conductance regulator (CFTR) channel. Chloride secretion is age dependent, occurring in neonatal, but not in adult, mice and leads to diarrhea. [41 ,42,43] , but this remains to be demonstrated. As virion assembly requires high cytoplasmic and endoplasmic reticulum calcium, such an NSP4 channel would need to be regulated, possibly by another viral protein, to ensure that NSP4-induced endoplasmic reticulum leakiness does not deplete the endoplasmic reticulum of calcium but rather calcium is elevated throughout the cell [44 ] . Elevated calcium may be important for rotavirus replication beyond virus assembly. A calcium-binding site is present in NSP5, a key component of intracellular structures called viroplasms where viral RNA replication occurs, and calcium binding to NSP5 appears to regulate viroplasm formation [45] . NSP4 also responds to increases in calcium by forming a vesicular compartment that associates with viroplasms. This raises the possibility that the NSP4-induced increases in [Ca 2þ ]i, but not NSP4 itself, controls viral protein subcellular localization [38, 46] .
The knockdown of NSP4 during rotavirus infection causes an increase in mRNA levels and indicates that the intracellular receptor function of NSP4 may serve as a negative regulator of transcription though its interaction with VP6 on immature double-layered particles (DLPs) [39] . One can speculate that NSP4 binds VP6 at the five-fold axis of the particle and blocks the type III channel, where transcripts emerge. Alternatively, studies to recoat DLPs with the outer capsid proteins show that VP4 (the spike protein) needs to be assembled onto particles before VP7 (outer shell glycoprotein), suggesting that VP4 interacts with the surface of VP6 [47] . NSP4 has binding sites for both VP4 and VP6 that are closely juxtaposed, suggesting that NSP4 may act as a scaffolding protein to properly orient VP6 and VP4 during outer capsid assembly [48] . Thus, although the basic intracellular functions of NSP4 have been known for many years, recent work indicates the mechanisms of iNSP4 functions are more intricate than originally appreciated. Understanding these mechanisms is of broad interest as rotavirus is one of an increasing number of viruses for which calcium signaling is a key cellular target for viral infection, and further studies exploring new calciumrelated therapeutic strategies could have broad applications [49] .
Nonstructural protein 4: a future therapeutic target
The persistent infection and chronic shedding of rotavirus from immunocompromised children points to the need for antiviral drugs that target rotavirus replication. The establishment of high [Ca 2þ ]i is critical for rotavirus replication and NSP4 is the sole protein responsible for this phenotype, making NSP4 a compelling target for antiviral drug development [41 ,50] . Although the mechanism of NSP4-induced high [Ca 2þ ]i is unknown, if NSP4 does form a calcium channel, then compounds that block this channel should block rotavirus replication.
For many bacterial infections, an antibody response directed solely against the secreted enterotoxin protects the host against severe disease. A similar finding seems to be true for NSP4 and rotavirus-induced disease. Immunization of mice with either the enterotoxic peptide (amino acids 114-135) or the entire NSP4 C terminus (amino acids 85-175) linked to either the cholera toxin or shiga toxin B subunit, which serves as an adjuvant, stimulates both systemic (IgG) and mucosal (IgA) antibody responses [51, 52] . Pups born to NSP4-vaccinated dams exhibit significantly reduced severity and duration of diarrhea compared with pups born to unvaccinated dams [51, 52] . Although these studies did not determine which epitope(s) on NSP4 stimulated the protective antibody, earlier studies found immunization with the amino acids 114-135 peptide generates an antibody response that protects against diarrhea [21] and this protective antibody is specific to a single NSP4 epitope that is 100% conserved in all NSP4 sequences [48, 53] . Interestingly, this epitope contains the integrin I domain-binding site and this antibody blocks the NSP4 I domain interaction [30 ] . Thus, antibody to NSP4 amino acids 114-135 may be protective against severe rotavirus disease by blocking the interaction between eNSP4 and its receptor and eliminating the enterotoxin component of disease. The strict conservation of this epitope in all NSP4 sequences suggests that active or passive immunization strategies that include NSP4 may provide broad protection by neutralizing the enterotoxin irrespective of the G or P type of an infecting virus strain. Several studies [54] [55] [56] investigating the immune response to NSP4 after natural rotavirus infection have shown that seroconversion rates are high (54-70% for both IgG and IgA) and heterotypic responses can be detected. Thus, it is intriguing to speculate that antibody to NSP4 might be a correlate of heterotypic protection seen in children or animals that are vaccinated with a single virus serotype, but are protected against diarrhea induced by other virus serotypes. Although initial attempts to measure protective antibodies to NSP4 were not successful, the assays used may not have measured the relevant function-blocking antibodies.
Conclusion
Rotavirus infections of the gastrointestinal tract continue to cause significant disease but new vaccines are showing promise of reducing the high morbidity observed in developing countries. Hopefully, ongoing vaccines trials in developing countries will lead to the global reduction of rotavirus-associated mortality of children. However, global implementation of rotavirus vaccination programmes faces continued challenges due to age restrictions for vaccination, complex strain diversity in different locations, and some areas with high numbers of immunocompromised children. Thus, vaccine safety and virus evolution need to be continuously monitored, and additional rotavirus strains may need to be added to vaccines in the future to protect against unusual circulating and evolving rotavirus strains. Future needs in the armentarium of approaches to overcome rotavirus disease may include antivirals and the viral enterotoxin is one promising target based on a new understanding of the mechanisms of enterotoxin function.
